Habituation, one of the simplest behavioral paradigms for studying memory, has recently been examined on the cellular level in the gill-withdrawal reflex in the mollusc Aplysia and in the escape response in crayfish. In both cases short-term habituation involved a decrease in excitatory synaptic transmission at the synapses between the sensory neurons and their central target cells. To analyze the mechanisms of the synaptic depression in Aplysia, we applied a quantal analysis to synaptic transmission between the sensory and motor neurons of the gillwithdrawal reflex. Our results indicate that short-term habituation results from a presynaptic mechanism: a decrease in the number of transmitter quanta released per impulse. The sensitivity of the postsynaptic receptor remains unaltered.
Habituation, the decrease in a behavioral response to repeated presentation of a novel stimulus, is the most ubiquitous behavioral modification found in animals and man and one of the simplest paradigms for probing memory mechanisms (1) (2) (3) (4) (5) . Habituation in different response systems and in different animals probably cannot be explained by a single neuronal mechanism. But in animals having a well-differentiated central nervous system, certain types of habituation share similar parametric features and time course, making it likely that in these cases a restricted family of mechanisms is involved. Thus certain reflex responses of vertebrates and higher invertebrates undergo short-term habituation lasting minutes and hours following a single training session of TO to 15 stimuli, but repeated training sessions can produce long-term habituation that lasts weeks. The acquisition of long-term habituation is sensitive to the pattern of stimulation. Spaced training is more effective in producing the long-term effects than is massed training. Finally, immediate restoration of a habituated response (dishabituation) can be produced by stimulating another pathway (2, 6) .
Because habituation can be studied in higher invertebrates and simple vertebrate systems, it is the only behavioral modification that has been successfully studied on the cellular level. In the gill-withdrawal reflex in the mollusc Aplysia (7) and in the escape response in crayfish (8), short-term habituation has been found to involve a similar cellular locus and a common synaptic change. There is a decrease in excitatory synaptic transmission (homosynaptic depression) at the central synapses made by the sensory neurons on their central target cells. Synaptic depression, although at a different locus, may also underlie habituation of the flexion reflex in vertebrates (9) .
The mechanism producing the synaptic depression is not known. It could be either a presynaptic change in transmitter release or a postsynaptic change in receptor responsiveness. To distinguish between these alternatives a quantal analysis is required. With rare exception (10, 11) this has been difficult to achieve in central neurons because they receive many synaptic inputs, making the analysis of spontaneous release (12) difficult, and because the evoked quantal size is usually small (10-100 MV) in relation to the background noise and to the synaptic bombardment produced by neural activity.
Using a high divalent cation solution to reduce neuronal activity, electrical filtering to reduce noise, and computer averaging for signal recognition, we have been able to apply a quantal analysis to synaptic transmission between the sensory and motor neurons of the gill-withdrawal reflex in Aplysia and to analyze the synaptic depression underlying habituation. Our results indicate that short-term habituation results from a presynaptic decrease in the number of transmitter quanta released per impulse. The sensitivity of the postsynaptic receptor remains unaltered.
METHODS
Abdominal ganglia were isolated from Aplysia californica weighing 80-200 g. Analyses were carried out at 20 23°on the excitatory postsynaptic potentials produced by stimulating intracellularly single sensory neurons (7, 13) . Single electrodes connected to a bridge circuit were used to stimulate and record from sensory cells; low resistance (less than 5 MO) double electrodes were used for the follower cells (usually gill motor cell L7, with some additional data on siphon motor cell LBS-3 and interneuron L16; see ref. 14 the reflex habituates (16) . The neural circuit of this reflex contains six identified motor neurons, a cluster of 24 sensory neurons, and three identified interneurons (13, 15) . Studies of the cellular correlates of habituation have shown that tactile stimulation of the siphon skin initiates a complex excitatory postsynaptic potential (EPSP), produced largely by direct synaptic connections from the sensory cells (7, 13) , that discharges the motor cells and causes gill contraction. Habituation produces a progressive decrease in the complex EPSP (17) . Analyses of the various components of the reflex during short-term habituation (including measurements of the threshold and input conductance of the motor cell) indicate that the critical change occurs at the synapses between the sensory cell and the motor neurons and interneurons (refs. 7 and 17, and manuscript in preparation). With repeated stimulation, the elementary EPSP produced by the sensory neurons decreases in amplitude (Fig. 1C) , paralleling the time course of behavioral habituation (16) .
Monosynapticity of the Connections between Sensory Cells and
Motor Neurons. To analyze the mechanism of the depression in this synaptic potential, it was essential to determine that the connections between sensory and motor cells are monosynaptic. To assess monosynapticity we have used the following criteria (7, (18) (19) (20) . (1) One-for-one following. At normal levels of transmitter release every action potential in the sensory neuron produces an elementary EPSP in the follower cell. (2) Short and constant latency. At 20-23' the latency between the peak of the presynaptic spike in the sensory neuron and the onset of EPSP in the follower cell is 5-10 msec (Fig. 1B) . The latency did not change in solutions containing high (2.6 to 3.0 X normal) concentrations of divalent cations that increase the threshold of neurons and reduce the likelihood of an interneuron's being fired (21, 22) . (3) Independence of latency on amount of transmitter released. The latency of the EPSP remained unaltered when release was enhanced (Fig. 1B) by increasing the duration of presynaptic spike (intracellular injection of tetraethylammonium into the sensory cell) and reduced (20-fold) by increasing the Mg++ content (165 mM) of the artificial sea water. These criteria are consistent with a monosynaptic connection.
Quantal Fluctuations under Conditions of Low Transmitter Release. We carried out a quantal analysis to examine the mechanism of the synaptic depression. This analysis is based on the finding that the transmitter at chemical synapses is released in multimolecular packets (quanta) and that any synaptic potential is made up of an integral number of these quanta (12) .
With reduced transmitter output (increasing Mg++ to 165 mM and reducing Ca++ to 8 mM),a repetitive stimulation of the sensory neuron produced marked fluctuations in the amplitude of the EPSP, in an apparently quantal fashion, and occasional failures (Fig. 2) . Amplitude histograms of 30 to 100 consecutive responses (Fig. 3A-D) revealed a multimodal distribution, with the mean of each subsequent peak being an integral multiple of the unit peak. To improve the signal-tonoise ratiob and insure that we correctly identified failures, we averaged all putative failures, using a PDP8-E computer, so as to determine whether a smaller occult unit EPSP had gone unrecognized (Fig. 3EI) . Averaging did not reveal a smaller, occult unit EPSPc; the averaged failures were a This solution contains 2.6 X normal divalent cation concentration and, therefore, also serves to increase the threshold of cells, dramatically reducing the spontaneous impulse activity in the ganglion. The high Mg++ concentration does not seem to produce a significant effect on the receptor. The kinetics of decrement are roughly similar in normal sea water and in high Mg++ solution. b We did not examine spontaneous miniature potentials because of the background noise, much of it probably produced by the spontaneous transmitter release from presynaptic cells that synapse on follower cells. The noise level dropped by 50-70 % on withdrawal of the electrode from the cell. Moreover, doubling the osmolarity of the solution with sucrose produced showers of small depolarizations and hyperpolarizations, suggesting a massive recruitment of miniature potentials. In three instances we made amplitude histograms of the depolarizations by collecting the excursion of the baseline that had a similar rise time to the evoked EPSPs. The peak of a unit size correlated with the unit peak of the evoked EPSPs in one case, but in the two other cases many peaks were observed and the results were ambiguous.
¢ In two experiments we also have used a blind procedure. The histograms of the original EPSPs were independently graphed by a naive observer. In both cases the q and failure values obtained were similar to ours. We also did amplitude histograms of 200 samples of the background fluctuation taken at a fixed interval after a spike and several seconds after the EPSP was over. These histograms contained no trends and no peaks corresponding to the peaks of the evoked EPSPs. Fig. 3A for details). In regions 2 and 3 there is a progressive increase in the number of failures (arrows; see also Fig.  3A) . Number beside each pair of traces refers to the stimulus number in the series. The amplitude histograms of the EPSPs (Fig. 3A to D) were obtained by measuring the magnitude of the response in time intervals (window) between the peak of the presynaptic spike and the peak of the-first EPSP (1).
indistinguishable from the averaged background fluctuations. We also averaged the unit EPSP and found that it had a similar configuration to the average of the first few large evoked EPSPs (Fig. 3E2) , indicating that one can also successfully recognize by eye the unit quantal signal. These findings, and the further documentation below, demonstrate the feasibility of a quantal analysis at this synapse.
Quantal Analysis of Depression at Low Release. When the mean probability (p) of a quantum's being released is low and the available mean population of quanta (n) is large, transmitter release can be approximated by a Poisson distribution. An assumption of this distribution is that the number of quanta released by an action potential (m = the mean quantum content) is m = n X p. The produce behavior habituation or synaptic depression. We therefore stimulated the sensory neurons intracellularly for 200 consecutive stimuli, at frequencies that produced habituation (10-to 60-sec intervals). We then divided each run into two to three consecutive stable "plateau regions" (in which the average EPSP did not decrease by more than 15%) containing 30 to 100 EPSPs, using the means of consecutive groups of 10 successive EPSPs as the index of stability. We then calculated and compared m and q values in the consecutive plateau regions and used them as an index of the synaptic depression accompanying repeated stimulation. At this reduced level of transmitter release the EPSPs were 1-5% of the comparable EPSPs at normal release. Thus, the 200 consecutive stimuli are roughly comparable to 15 stimuli of a behavioral habituation training session and each consecutive region at low release is comparable to consecutive groups of five EPSPs at high release.
We estimated m (and q) in three ways.
(1) Frequency histograms. Amplitude histograms were made of the different plateau regions. The first peak was the failures and the next peak was assumed to represent the quantal unit (EPSP) size 4i. We then calculated ml from the equation ml -E/ where E is the mean amplitude of all the EPSPs in that plateau region. In 11 experiments (Table 1) , the estimated ml ranged from 4.0 to 0.4 and those of quantal size ranged from 47 ,uV to 14 /.V. These values for q are similar to those obtained by Miledi (11) at the squid giant synapse. As might be expected from quantal release, the amplitude histograms were multimodal and successive peaks roughly corresponded to integral multiples of the unit peak (Fig. 3A-D) .
With repetition (compare regions 1, 2, 3 in Fig. 3A-D (23) g. The estimate of m was consistently higher and q3 consistently lower than with the other two estimates (Table 1) . Nonetheless, the trend was the same: with repeated stimulation m decreased while q3 remained the same. Quantal Estimates of Depression at Normal Levels of Release. In two preliminary experiments (in two preparations) we estimated m3 and q at normal levels of release using the coefficient of variation and assuming a Poisson process. The results were also consistent with an unvarying q value (average 17 /AV) and an average decrease in m (from 85 to 55).
DISCUSSION
A quantal analysis suggests that the critical change accompanying habituation of the gill-withdrawal reflex is a decrease in the number of transmitter quanta released by the presynaptic spike in the sensory neurons. With repeated stimulation the value of q remains constant while the value of m decreases by more than 50%. Thus, in six cells examined at 10-sec intervals the mean normalized value for q2 (or q,) in the three consecutive plateau regions was 100%, 104%, and 98%, respectively, while that for m2 (or imn) decreased from 100% to 64% to 46%. Similar trends were found at 30-and 60-sec intervals (Table 1 ). This suggests that with repeated stimulation the sensitivity of the postsyuaptic receptor is unaffected while the number of quantal units being released is decreased.
There is considerable uncertainty in the application of the coefficient of variation method to small signals found in central neurons. But the graphic method of quantal analysis (combined with averaging) and the analysis of failure based on the Poisson equation gave internally consistent results, and support the finding of Miledi (11) that, despite small quantal size, the quantal analysis can be applied successfully to the central neurons of invertebrates. Because invertebrates are proving highly advantageous for studying behavior, the use of quantal analysis opens the possibility of studying the mechanism of synaptic changes that underlie other behavioral modifications and of analyzing their interrelationships. Thus, a critical question in the study of memory is whether short and long-term memory represent two distinct processes or different stages in a single process. A determination of whether quantal size also remains constant during the synaptic depression accompanying long-term habituation could provide one answer to this question. Similarly, a quantal analysis of the synaptic facilitation accompanying dishabituation (7) could provide further insight into its relationship to habituation.
g The coefficient of variation estimates are less reliable than the failure technique when the value of p is larger or n is lower than demanded by the Poisson assumptions. Also, the estimates of m are unduly sensitive to variations in the synchronization of release and will be higher than the estimates derived from the failure method when release is slightly desynchronized (23) .
The finding that the mechanism underlying short-term habituation is presynaptic makes it interesting to analyze morphologically the changes in the number and distribution of the synaptic vesicles (the likely storage sites of transmitter quanta) in the terminals of the sensory neurons. Techniques for marking the presynaptic terminals of identified neurons for electronmicroscopic examination have recently been developed (24) and could permit.a subcellular analysis of this and related instances of behaviorally relevant synaptic plasticity.
